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Cytokinins (CKs) are a group of phytohormones that play a crucial role in the regulation of plant growth
and development. Identification of the enzymes and the corresponding genes that are involved in CK
metabolism allowed us to understand how plants synthesize CKs and adjust CK activity to optimal levels.
A major accomplishment toward these goals was the identification of genes for the first enzyme in the CK
biosynthetic pathway, adenosine phosphate-isopentenyltransferase (IPT). In Arabidopsis thaliana and
Agrobacterium tumefaciens, detailed analyses of IPTs were conducted through not only enzymatic charac-
terization but also molecular structural approaches. These studies revealed the molecular basis for the
Agrobacterium-origin of IPT used for the efficient biosynthesis of trans-zeatin that promotes tumorigen-
esis in host plants. Another landmark in CK research was the identification of CYP735A as an enzyme that
converts iP-nucleotide to tZ-nucleotide. Furthermore, the identification of a CK-activating enzyme, LOG,
which catalyzes a novel activation pathway, is a remarkable recent achievement in CK research. Collec-
tively, these advances have revealed the complexity of the entire metabolic scheme for CK biosynthesis.
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1. Introduction

Cytokinins (CKs) are a group of phytohormones that are in-
volved in a wide variety of plant growth and development pro-
cesses, such as delay of senescence (Gan and Amasino, 1995; Kim
et al., 2006), root proliferation (Werner et al., 2003, 2001), apical
dominance (Sachs and Thimann, 1967; Shimizu-Sato et al., 2009;
Tanaka et al., 2006), nutritional signaling (Samuelson and Larsson,
1993; Takei et al.,, 2001b) and shoot meristem function (Higuchi
et al., 2004; Kurakawa et al., 2007; Nishimura et al., 2004).

Naturally occurring CKs are adenine derivatives that carry
either an isoprene-derived side chain or an aromatic side chain
at the N°-terminus, called isoprenoid CKs or aromatic CKs, respec-
tively (Mok and Mok, 2001; Sakakibara, 2006). Because isoprenoid
CKs are commonly found in higher plants and are much more
abundant than aromatic ones, the metabolic pathway for the iso-
prenoid CKs has been studied with great intensity. On the other
hand, the biosynthetic pathway for the aromatic CKs has not been
elucidated, even though these forms of CKs are found in some high-
er plants (Strnad, 1997), mosses (von Schwartzenberg et al., 2007)
and unicellular algae (Ordog et al., 2004).

Although many studies attempting to purify and characterize
plant CK biosynthetic enzymes have been conducted, only a
few biochemical properties have been reported (Mok and Mok,
2001; Sakakibara, 2004), probably due to enzyme instability or
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the small amount of enzyme present in plant cells. However,
the accumulation of genomic information in various organisms
and advances in technologies for plant hormone analysis pro-
vided several breakthroughs for elucidating CK metabolism, as
well as its signaling system. Among the most important advances
are the identification of genes involved in CK biosynthesis in
model plants, such as Arabidopsis and rice (Kakimoto, 2001;
Kurakawa et al, 2007; Sakamoto et al., 2006; Takei et al,
2001a, 2004b), determination of crystal structures of enzymes
catalyzing CK biosynthesis (Sugawara et al., 2008) and degrada-
tion (Malito et al., 2004), and discovery of a novel pathway for
the production of active CK species (Kurakawa et al., 2007). Fur-
thermore, advances in studies on CK production by phytopatho-
genic bacteria revealed that an Agrobacterium-origin enzyme
efficiently produced CK for tumorigenesis by utilizing substrates
distinct from those used by the host plant enzyme (Sakakibara
et al., 2005). In this review, we focus on the enzymes that func-
tion in isoprenoid CK biosynthesis, and outline the biosynthetic
pathways and the molecular mechanisms for CK biosynthesis
reactions and preferential substrate use.

2. Structural variation in CKs

Natural isoprenoid CKs are classified into one of four basic mol-
ecules: N°-(A%-isopentenyl)adenine (iP), trans-zeatin (tZ), cis-zea-
tin (cZ) and dihydrozeatin (DZ) (Fig. 1). Each CK molecule is
distinguished by characteristics of the side chain, namely the pres-
ence or the absence of a hydroxyl group at the end of the prenyl
chain and the stereoisomeric position. Although there is no widely
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Fig. 1. Current model of isoprenoid CK biosynthetic pathways in higher plants and in infected plant cells by A. tumefaciens. The isoprenoid side chain of iP and tZ
predominantly comes from the MEP pathway, whereas that of cZ mostly originates from the MVA pathway. Adenosine phosphate-isopentenyltransferases (IPTs) in higher
plants preferably utilizes ATP and ADP as isoprenoid acceptors and catalyze N-prenylation using DMAPP, producing iPRTP and iPRDP, respectively. The CK-nucleotides are
converted into the corresponding tZ-nucleotides by CYP735A, which prefer iPRDT and iPRMP more than iPRTP. Dephosphorylation by phosphatase may occur in those di- or
tri-phosphorylated CK-nucleosides. In cells infected by A. tumefaciens, Tmr encoded by the bacterium mediates N-prenylation of AMP with HMBDP, producing tZRMP (dashed
arrow line). The tRNA-IPTs catalyze prenylation of tRNA that leads to the production of cZRMP. The CK-nucleoside 5-monophosphates are directly catalyzed to active form
(free-base form) CKs by LOG. cZ and tZ may be enzymatically interconverted by zeatin cis-trans isomerase. The genes of enzymes involved in phosphorylation of iPR and
conjugation of phosphoribosyl moieties to iP are adenosine kinase (AK) and adenine phosphoribosyltransferase (APRT), respectively. APRT utilizes not only iP but also other
CK nucleobases. The width of the lines indicates the strength of metabolic flow. Gray arrows show the flow in which the related enzymes have not yet been identified. In

chemical formulae, phosphate is abbreviated to P.

accepted explanation for the physiological relevance of these struc-
tural variants at present, differences have been found in their activ-
ity and stability in vivo. The relative biological activities of CKs
were estimated by measuring their ligand affinity to CK receptors.
In vitro and in vivo studies with Arabidopsis CK receptors (AHK3
and AHK4/WOL/CRE1) showed that iP and tZ have much higher
affinities than ¢Z and DZ (Inoue et al., 2001; Romanov et al.,
2006; Spichal et al., 2004; Suzuki et al.,, 2001; Yamada et al,,
2001). Among the CK-nucleobases tZ, iP, and cZ, tZ was the most
active and cZ was the least active form in bioassays using cucum-
ber and Amaranthus caudatus (Kaminek et al., 1979). On the other
hand, a CK receptor from maize (ZmHK1) responded to cZ and tZ
with similar sensitivity (Yonekura-Sakakibara et al., 2004), infer-
ring that the relative activities of CKs might vary among plant spe-
cies. Susceptibility to cytokinin oxidase (CKX), a CK-degrading
enzyme, is also different among the CKs (Bilyeu et al., 2001; Gal-
uszka et al., 2007). Generally, iP is more susceptible to CKX than
tZ and cZ, and DZ is resistant to CKX.

3. Adenosine phosphate-isopentenyltransferases (IPTs)

The first step of isoprenoid CK biosynthesis is catalyzed by
adenosine phosphate-isopentenyltransferase (IPT; EC 2.5.1.27)
that catalyzes the N-prenylation of adenosine 5’-phosphate (AMP,
ADP or ATP) at the N®-terminus with dimethylallyl diphosphate
(DMAPP) or 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate
(HMBDP) (Fig. 1). IPTs have been identified in higher plants
(Kakimoto, 2001; Sakamoto et al., 2006; Sakano et al., 2004; Takei
et al, 2001a; Zubko et al., 2002) and some phytopathogenic micro-
organisms such as Agrobacterium tumefaciens (Akiyoshi et al., 1984;
Barry et al., 1984) and Rhodococcus fascians (Crespi et al., 1992).

In Arabidopsis thaliana and rice, seven IPT genes (AtIPT1, AtIPT3-
AtIPT8) (Kakimoto, 2001; Takei et al., 2001a) and eight IPT genes
(OsIPT1-0sIPT8) (Sakamoto et al., 2006) were identified as being in-
volved in the N-prenylation step of CK biosynthesis, respectively,
although some sequences (AtIPT6 and OsIPT6) seem to be pseu-
do-genes in some cultivars. AtIPTs and OsIPTs prefer ATP or ADP



446 T. Kamada-Nobusada, H. Sakakibara/Phytochemistry 70 (2009) 444-449

to AMP as the prenyl acceptor, and utilize DMAPP as the prenyl-do-
nor (Kakimoto, 2001; Sakamoto et al., 2006) (Fig. 1). The reaction
produces iP-nucleotides, specifically iP riboside 5’-triphosphate
(iPRTP) and iP riboside 5'-diphosphate (iPRDP) using ATP and
ADP, respectively. The K, values of AtIPT1 for ATP, ADP and AMP
were 11.4, 14.6 and 185 M, respectively. The K;,, for DMAPP was
8.3 uM, but the K, for HMBDP could not determined due to very
low affinity (Sakakibara, 2004; Sakakibara et al., 2005; Takei
et al., 2001a).

The prenyl-donor for the IPT reaction, DMAPP, can be produced
by both the methylerythritol phosphate (MEP) pathway in plastids
and the mevalonate (MVA) pathway in the cytosol. The prenyl
group of tZ and iP is mainly produced by the MEP pathway as
shown by isotope-labeling experiments in Arabidopsis seedlings
(Kasahara et al., 2004) (Fig. 1), suggesting that plastids play an
important role in the initial step of CK biosynthesis in Arabidopsis.
In concurrence with this result, four AtIPTs (AtIPT1, AtIPT3, AtIPT5,
AtIPT8) were localized in plastids (Kasahara et al., 2004), and
AtIPT3 and AtIPT5 show relative higher levels of expression than
the others (Miyawaki et al., 2004; Takei et al., 2004a). In contrast,
AtIPT4 and AtIPT7 localize to the cytosol and mitochondria, respec-
tively (Kasahara et al., 2004). There are two reports that inhibition
of the MVA pathway by an inhibitor, lovastatin, significantly de-
creased CK accumulation in tobacco BY-2 cells (Laureys et al.,
1998, 1999), suggesting that the MVA pathway also provides
DMAPP for CK biosynthesis in some situations.

Unlike AtIPTs and OsIPTs, Agrobacterium IPTs, Tmr and Tzs, cat-
alyze the N-prenylation of AMP using DMAPP or HMBDP as an iso-
prene donor in vitro (Blackwell and Horgan, 1993; Krall et al., 2002;
Sakakibara et al., 2005; Sugawara et al., 2008). The bacterial en-
zymes do not utilize ATP or ADP. The K, values of Tmr and Tzs
for DMAPP and HMBDP are similar (Tmr for DMAPP; 10.1 uM
and for HMBDP; 13.6 uM, Tzs for DMAPP; 7.9 uM and for HMBDP;
8.2 uM) (Sakakibara et al., 2005; Sugawara et al., 2008). Thus, the
Agrobacterium IPTs can utilize both substrates with (HMBDP) or
without (DMAPP) an hydroxylated-prenyl side chain, producing
tZ riboside 5’-phosphate (tZRMP) or iP riboside 5’-phosphate
(iPRMP), respectively. Isotope-tracer experiments verified that
HMBDP, not DMAPP, was the major substrate of Tmr in planta after
infection by A. tumefaciens (Sakakibara et al., 2005).

HMBDP is an intermediate product of the MEP pathway in plas-
tids (Fig. 1). In concert with the use of HMBDP as the principal sub-
strate, Tmr localizes to plastids after infection, although the
mechanism is unknown (Sakakibara et al., 2005). These results
strongly suggest that tZRMP is directly produced in A. tumefac-
iens-infected plant cells by Tmr function (Fig. 1). In fact, crown
galls and Tmr-overexpressing transgenic plants almost exclusively
contain tZ-type CKs (Faiss et al., 1997; Morris, 1986; Sakakibara
et al., 2005), implying an unknown mechanism for preferential
usage of HMBDP by Tmir in planta. Thus, Tmr successfully competes
against the host plant IPTs for substrates in the plastids of A. tum-
efaciens-infected plant cells due to its greater substrate specificity.

4. Structural basis for IPT activity in cytokinin biosynthesis

Determining the crystal structures of Tzs complexed with sub-
strates or their analogues provided us with insights into the reac-
tion mechanism for the initial step of CK biosynthesis (Sugawara
et al., 2008). The carbon-nitrogen-based prenylation proceeds via
an SN2-reaction mechanism. Tzs has a solvent-accessible channel
that is the reaction center (Fig. 2A). The prenyl-donor substrate,
DMAPP or HMBDP, is fixed with amino acid residues of a p-loop
(Gly8-to-Thr15 in Tzs). In the reaction, the carboxylate group of
an Asp residue (Asp33 in Tzs) serves as a general base to deproto-
nate the N®-amino group of AMP (Fig. 2B). The resulting nucleo-

phile attacks the carbon (C') of DMAPP. Collapse of the penta-
covalent transition state yields the products iP riboside 5’-mono-
phosphate and diphosphate. Thr and Arg residues (Thr10 and
Arg138 in Tzs, respectively) stabilize the penta-covalent transition
state. IPT requires a divalent metal ion, such as Mg?*. The metal ion
plays a role in neutralizing the negative charge of the diphosphate
and in fixing the prenyl-donor substrate to undergo the catalytic
reaction.

Crystal structure determination also enabled us to identify crit-
ical amino acid residues ruling prenyl-donor substrate specificity
between plant and bacterial IPTs (Sugawara et al., 2008). Introduc-
tions of amino acid substitutions into a hydrophilic region on the
surface of the reaction cavity (Glu210 to His214 and Asp173 in
Tzs) surrounding the trans-side end of the dimethylallyl group
(Fig. 3A) drastically changed the kinetic parameters (Sugawara
et al., 2008). His214 and Asp173 in Tzs are also conserved in
Tmr, but not in higher plant IPTs (Fig. 3B). Substitution of His214
with Leu or Asp173 with Gly greatly reduced affinity to HMBDP
but not to DMAPP, indicating that the hydrophilic region formed
by His214 and Asp173 crucially affects the specificity of the pre-
nyl-donor in Tzs. These results suggest that differences in these
amino acids between Agrobacterium and Arabidopsis allow Agrobac-
terium-origin IPT to use HMBDP for direct synthesis of tZ, a highly
active CK.

5. tRNA-isopentenyltransferases (tRNA-IPTs)

Another pathway for biosynthesis of isoprenoid CK is tRNA pre-
nylation catalyzed by tRNA-isopentenyltransferase (tRNA-IPT; EC
2.5.1.8) (Fig. 1). Some tRNA species can undergo prenylation at
the adenine adjacent to the 3’-end of the anticodon by tRNA-IPT
(Murai, 1994). Prenylated-tRNA has a cis-hydroxyl group, thus deg-
radation of prenylated tRNA generates cZ. tRNA-IPT is widely
found in diverse organisms, from bacteria to animals and plants.

Arabidopsis and rice have two genes for tRNA-IPT isozymes,
AtIPT2 and AtIPT9 in Arabidopsis (Miyawaki et al., 2006), and OsIPT9
and OsIPT10 in rice (Sakamoto et al., 2006). In Arabidopsis, a mutant
deficient in both tRNA-IPTs resulted in the cZ content to fall below
detection limits, although the levels of iP- and tZ-type CKs were
unaffected (Miyawaki et al., 2006). This report suggested that
prenylated tRNA-degradation is the main pathway to supply cZ
in Arabidopsis. Contrary to that assertion, the prenyl group of tZ
and iP is mainly produced through the MEP pathway by the func-
tion of IPTs, a substantial part of cZ comes from the MVA pathway
in Arabidopsis (Kasahara et al., 2004) (Fig. 1). In fact, a tRNA-IPT in
Arabidopsis, AtIPT2, localizes in the cytosol (Kasahara et al., 2004).

Recent structural studies on tRNA-IPTs from Pseudomonas aeru-
ginosa (Xie et al., 2007) and Saccharomyces cerevisiae (Zhou and
Huang, 2008) have revealed that IPT and tRNA-IPTs share a con-
served reaction mechanism and critical amino acid residues. Be-
cause tRNA-IPT occurs in a wide variety of organisms other than
those of the Archaea (Persson et al., 1994), and because a moss,
Physcomitrella patens, contains tRNA-IPT genes but not an IPT gene
(Rensing et al., 2008; Yevdakova and von Schwartzenberg, 2007),
IPT appears to be evolutionally diverged from tRNA-IPT. In future
studies, it will be interesting to determine how IPT has evolved
to use free adenine nucleotides as substrates for the direct synthe-
sis of free CK-nucleotides.

6. Cytochrome P450 monooxygenases (CYP735As)

The iP-nucleotides produced by IPT in plants undergo hydroxyl-
ation at the prenyl side chain to synthesize tZ-nucleotides. In Ara-
bidopsis, two cytochrome P450 monooxygenases, CYP735A1 and
CYP735A2, catalyze the reaction (Takei et al., 2004b). The
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Fig. 2. (A) Surface model of Tzs complexed with AMP, DMASPP, and Zn?*. This model is drawn with the atomic coordinates of Tzs-AMP/DAMSPP/Zn (PDB ID code, 2ZE7).
DMASPP, dimethylallyl S-thiodiphosphate, is a substrate analog of DMAPP. Molecular surface of the AMP-binding side (left) and the 90°-rotated site (right) around the vertical
axis (solid line). To see the reaction center channel, the protein molecule is cut at the broken line. Cross-sectional surfaces are dark grey. (B) A chemical reaction model of
prenyl transfer from DMAPP to AMP. Substrates are shown in blue, and the amino acid residues of Tzs in black. Arg138 in the absence of divalent metal ion [Me(Il)] is shown
in orange. The hydrogen-bonding network among the substrates and Thr10, Asp33, Arg138, and Me(Il) is indicated as a dashed line. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

CYP735As utilize iP-nucleotides, but not the iP-nucleoside or iP
(Takei et al., 2004b) (Fig. 1). Since this reaction is stereo-specific,
the CYP735As do not produce cZ-nucleotides (Takei et al.,
2004b). Both CYP735A1 and CYP735A2 preferentially catalyze
iPRMP and iPRDP rather than iPRTP (Takei et al., 2004b). The K,
values of CYP735A1 for iPRMP, iPRDP and iPRTP were 1.76, 2.28
and 8.32 puM, respectively, and those of CYP735A2 were 0.39,
0.76 and 4.9 pM, respectively.

Interestingly, Physcomitrella produces iP and cZ but less tZ,
although the CK signaling pathway also function in this moss. Clear
orthologs of Arabidopsis CYP735As are not found in Physcomitrella
in silico analyses to date (Rensing et al., 2008). Further analyses

are expected to reveal the details of CK biosynthesis in mosses that
will provide additional insights into the evolution of the CK biosyn-
thetic pathway and enzymes.

7. LOG

To become biologically active, CK-nucleotides produced by IPTs
and CYP735As have to be converted to the free-base form. Re-
cently, a CK-activating enzyme named LOG that directly converts
CK-nucleotides to the active nucleobases was identified in rice
(Kurakawa et al., 2007). LOG has phosphoribohydrolase activity
and releases a ribose 5’-monophosphate moiety from CK-nucleo-
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E; Tzs: (170)EDID(173) ---- (206)AIANEYLEHALSQ (218)

Tmr: (169)KEID(172) ---- (205)GIAQEYFIHARQQ (217)
AtIPT1: (249)KAIG(252) ---- (286)DIKRNTWTLAKRQ (298)
AtIPT3: (209)KAIG(212) ---- (241)EIKRNTFELACRQ(253)
AtIPT4: (188)KAIG(191) ---- (225)AIKENTFQLTKDQ (237)

( ) ( ) ) (
( ) ( ) ) (
( ) ( ) ) (
( ) ( ) ) (
( ) ( ) ) (
AtIPT5: (201)RAIG(204) ---- (234)KIKENTCLLACRQ(246)
( ) ( ) ) (
( ) ( ) ) (
( ) ( ) ) (
( ) ( ) ) (
( ) ( ) ) (

AtIPT7: (202)RAIG(205) ---- (234)NIKKNTEILACRQ(246)
AtIPT8: (227)KTIG(230) ---- (266)EIKENTWRLAKKQ (278)
AtIPT2: (259)QSIG(262) ---- (318)RVKLNTRRLLRRQ(330)
AtIPT9: (321)RAIG(324) ---- (353)KFQTASRNFAKRQ (365)

MiaA: (247)RCVG(250) ---- (270)RGVCATRQLAKRQ (282)

Fig. 3. (A) Molecular surface of the reaction cavity surrounding the end of the
dimethylallyl group. This model is drawn with the atomic coordinates of Tzs-AMP/
DMASPP/Zn. Carbon, oxygen, phosphorous, and sulfur atoms of the DMASPP
molecule are green, red, orange, and, yellow, respectively, whereas, carbon, oxygen,
and nitrogen atoms of Tzs molecule are light-orange, red, and, blue, respectively.
Sectional surfaces are dark grey. (B) Amino acid alignment of IPTs and tRNA-IPTs.
Only the regions involved in forming the reaction cavity surrounding the end of the
dimethylallyl group are shown. The amino acid residues affecting prenyl-donor
substrate specificity in Tzs are red. Amino acid residue numbers are shown in the
parentheses. MiaA, tRNA-IPT from Escherichia coli (accession no. BAE78172) (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.).

side 5'-monophosphate (Kurakawa et al., 2007) (Fig. 1). All four CK-
nucleoside 5’-monophosphates, iPRMP, tZRMP, DZRMP and cZRMP,
are utilized by LOG, but the di- or triphosphate, AMP, or any CK-
nucleosides are not suitable substrates. The K, value of LOG for
iPRMP and tZRMP are 11.7 and 22.0 uM, respectively (Kurakawa
et al., 2007).

The name LOG comes from its mutant phenotype in which
maintenance of the shoot meristem is defective and flowers often
contain only one stamen but no pistil, thus lonely guy (Kurakawa
et al., 2007). The phenotype clearly shows the importance of the
LOG-dependent CK activation pathway in maintenance of shoot
apical meristem in rice. When causal gene of log was initially
cloned, its molecular function was unknown. The idea that LOG
functions in CK metabolism resulted from finding homologous
genes in soil phytopathogenic bacteria, Agrobacterium rhizogenes
and Rhodococcus fascians. Both bacteria can produce CKs, and the
LOG-homologous genes were closely located to IPT genes in each
bacterium (Crespi et al., 1994; Moriguchi et al., 2001). Especially
in R. fascians, genes of LOG homologue (FAS6) and IPT (FAS4) are
co-transcribed as a single operon (Crespi et al., 1994). Genes with
sequence similarity to LOG are also found in a number of other
organisms; even in those that do not produce CKs, although their
functions have not yet been investigated.

The notion that conversion from CK-nucleotides to the free-
base forms requires a two-step enzymatic reaction catalyzed by
nucleotidase and nucleosidase was advocated over 20 years ago
(Chen and Kristopeit, 1981a,b). Enzymatic activities were identi-

fied in wheat germ, but the corresponding genes for nucleotidase
and nucleosidase have not been identified to date. On the other
hand, a significant amount of CK-nucleosides are actually detected
in plants. An isotope labeling analysis showed that exogenous CK-
nucleobases are converted to CK-nucleosides and CK-nucleotides
(Letham, 1994). The report suggested that the CK-nucleosides
might come from CK-nucleobases, although further exploration is
required.

8. Concluding remarks

In this review, we summarized recent progress in the explora-
tion of CK biosynthetic enzymes. According to the identification
and characterization of enzymes functioning in CK biosynthesis,
we have proposed an outline of the mechanism for CK biosynthe-
sis, although some questions still remain. One significant matter
is to reveal functional differences between each CK species, iP, tZ,
¢Z and DZ. CYP735As function in the hydroxylation of iP-nucleo-
tides to tZ-nucleotides, thus CYP735As might play an important
role in adjusting the levels of iP and tZ.

The structural analyses of Agrobacterium IPT revealed the reac-
tion mechanism at the atomic level and elucidated the mechanism
distinguishing the prenyl-donor substrates with or without a hy-
droxyl group. Further analyses using this technique on the other
CK biosynthetic enzymes, such as CYP735As and LOG, will reveal
each reaction mechanism in more detail. Moreover, structural
characterization will provide significant clues for the design of
chemical regulators that inhibit or modulate CK biosynthetic activ-
ity in planta. Those regulators of CK biosynthetic pathway will have
advantages not only in biological studies but also in agricultural
industry.
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